[1] There is plenty of evidence to suggest that the phase velocity of large amplitude irregularities produced by the modified two-stream and the gradient-drift instabilities are the same as the threshold speed, namely, the nominal ion-acoustic speed in the modified two-stream case. In this context, it is rather puzzling to note that the phase velocity of type-I waves in the equatorial electrojet is known to easily exceed 400 m/s during strong electrojet conditions. This is puzzling because the ion-acoustic speed of the medium is expected to be 100 m/s slower than these observations. Explaining the observations as an increase in the nominal ion-acoustic speed through much higher neutral temperatures than expected or through electron heating by plasma waves is problematic at best. The first explanation violates everything we know about the neutral atmospheric temperature near the mesopause, while in the latter case, we only have to recall the emerging view that electron heating is done, at high latitudes, by parallel wave fields and that there is no evidence for the existence of such fields in the equatorial case. By contrast, we show that, contrary to what is normally assumed, electron thermal fluctuations cannot be neglected in the theoretical treatment of the instability when the ion collision frequency becomes large compared to the wave frequency and the wave aspect angle is small. These electron thermal fluctuations are caused by electron adiabatic heating and cooling effects related to the wave dynamics. When the electron thermal fluctuations are included in the calculations the derived instability threshold speeds match the upper limit reached by the observations. The increase becomes detectable at 108 km altitude and increases rapidly with decreasing altitude to become roughly 1.5 times as large as the isothermal ionacoustic speed below 100 km altitude. We show in this paper that the new threshold speed provided by the nonisothermal threshold calculations provides an excellent match for the largest vertical type-I phase speeds that were observed during a very strong daytime electrojet event.
Introduction
[2] The study of E region irregularities started in the equatorial electrojet region [Berkner and Wells, 1937; Bowles et al., 1960 Bowles et al., , 1963 . It was recognized early on that there were two fundamental types of spectra associated with short wavelength (meters size) irregularities. The first type was observed when looking east or west at sufficiently low elevation angles. Under strong enough electrojet conditions, the plasma was found to be unstable if the relative drift between ions and electrons exceeded the ion-acoustic speed, that is, was subject to the modified two-stream instability [Farley, 1963; Buneman, 1963] .
[3] The repeated observation of irregularities under conditions favorable to the growth of the modified two-stream instability revealed that the mean Doppler shift of the waves saturated at a speed of the order of a few hundred m/s, as expected. Under closer scrutiny, however, this speed appeared to match rather closely the ion-acoustic speed of the medium rather than the electron E 0 Â B drift speed that would have been expected from simple linear theory. The consensus therefore quickly evolved that these 'type-I' waves were, for some reason, moving at their threshold speed when reaching their maximum amplitude [e.g., Kaw, 1972; Farley and Balsley, 1973] . The same evolution in thinking took place at high latitudes, where the saturation at the threshold speed became clearer still, given that the electric fields could be measured and the electron E 0 Â B drift was found to often be much larger than indicated by the phase velocity of the large amplitude waves [e.g., Moorcroft and Tsunoda, 1978; Nielsen and Schlegel, 1983] .
[4] The notion of a saturated speed for the 'type-I' waves was also extended to larger wavelengths by using the lower gradient-drift instability phase velocity threshold condition instead of the ion-acoustic speed [Farley and Fejer, 1975; Hanuise and Crochet, 1981] . At high latitudes, the effects of gradients on the threshold speed was also extended to waves even just a few meters in size. The gradient factor explained why the observed mean Doppler shifts were occasionally either measurably faster or measurably slower than the ionacoustic speed that had come to be expected when looking along the E 0 Â B drift direction [St.-Maurice et al., 1994] .
[5] A second basic type of meter-size equatorial electrojet irregularities was also uncovered. This type was associated with waves that could not be generated by the standard linear instability mechanisms. The spectra were typically observed around the zenith and seen to reach a peak near zero Doppler shift; they were also rather wide. In retrospect, it was concluded that this type of waves was created by turbulence and could simply be associated with a standard cascading, or mode-coupling, mechanism [Sudan, 1983] . In related work, Hamza and St.-Maurice [1993] showed that under conditions for which mode-coupling between field-aligned waves dominated the evolution of the waves one should expect these basic 'type-II' waves to reach a width as large as the ionacoustic speed itself under strong turbulence conditions.
[6] Sudan et al. [1973] also introduced a mechanism to deal with what can be best described as a third type of wave spectra. This third kind of spectrum has only been reported in the equatorial regions, and is seen along the vertical, that is, perpendicular to the original E 0 Â B direction. The spectra exhibit a type-I signature of a given sign, or a double type-I signature, one with a positive sign and the other with a negative sign. A central type-II like signature can also sometimes been seen, sandwiched between the other two [e.g., Kelley, 1989] . Sudan et al. [1973] pointed out that the waves could be the bi-product of a two-step process: at first, km size gradient-drift waves are destabilized with their wave vector pointing squarely in the E 0 Â B direction, as expected. Under strong enough electrojet conditions, these waves can have an electric field that is itself large enough to trigger smaller modified two-stream waves at, say, 3 m. The spectrum can therefore include ion-acoustic-like structures with wave vectors aligned in the vertical direction. The existence of the generating mechanism was confirmed by Kudeki et al. [1982] , using high time resolution interferometry experiments which showed that the vertical type-I waves at 3 m were organized very cleanly in 1 to 10 km structures.
[7] In the present work, we are dealing with the latter type of observations, which we label as 'two-step type-I' signatures. More precisely, we are studying the magnitude of the mean Doppler shifts associated with the two-step type-I signatures as the km size irregularities (KSI) are passing over the field of view of a radar beam. At first sight, the type-I phase speeds appear to be too fast to be described in terms of a saturation at the ion-acoustic speed of the medium. This problem is significant enough to have been identified and discussed by others before us [e.g., St.-Maurice et al., 1986; Swartz, 1997] . The situation is rather puzzling in view of the strong evidence for a saturation at or near the ion-acoustic speed that has been coming out of the other type-I wave studies. However, the main point of our paper is to show that, once we allow the theory to include adiabatic electron heating effects at near-zero aspect angles, the observed phase speeds are actually virtually all less than, or equal to, the faster threshold speed computed with the generalized theory.
[8] Our presentation unfolds as follows: we first introduce a new data set from the Pohnpei radar in the western Pacific to show that type-I waves generated by the two-step process (requires a strong electrojet to start with) are distinctly faster than the isothermal ion-acoustic speed. We follow that presentation with calculations based on the St.-Maurice and Kissack [2000] work to show that there is an excellent case to be made for thermal corrections in the threshold speed calculations. We show that these newly calculated threshold speeds (which we have labeled 'nonisothermal ion-acoustic speeds' in the title) are substantially faster than the isothermal ion-acoustic speed value at 3 m and at equatorial electrojet altitudes, and that the new values can easily account for the fast type-I observations. We finish with a discussion on how the observations could be used to infer something about the processes that affect the waves.
Two-
Step Type-I Waves From the Pohnpei Radar
Experimental Setup
[9] The 49.8 MHz Pohnpei radar is located in the western Pacific at 6.95°North, 158.19°East (geographic) , 0.7°m agnetic dip. The radar antenna array is 100 by 100 meters and can be electronically steered to 3 beam positions (vertical and 14.3°from vertical in magnetic East and West directions). The full two-way 3 dB antenna beamwidths are about 2.3 degrees. The transmitter peak power is 4 kW and the data in this paper were obtained with 6.7 microsecond pulses (1 km range resolution). Doppler spectra (256 points) were computed at 110 range gates spaced by 1 km along each beam. The recorded data for each beam consist of an average of 75 such spectra obtained over a period of about 48 seconds. The average 256-point Doppler spectra provide coverage over a range of ±1075 m/s with a point spacing of 8.4 m/s. The radar cycled through the 3 beam positions sequentially with 1 km resolution and then 5 km resolution (data not used here) providing a time resolution for the 1 km data of approximately 5 minutes.
Spectral Types Observed During Strong Electrojet Conditions
[10] Several examples of mixed type-II and 'two-step type-I' spectra can be found in the Pohnpei data during SIA the strong electrojet conditions that took place on April 4, 2000. We discuss here an unusual period during which the electrojet became particularly strong. The event occurred around 10 LT and lasted approximately 1.5 hour. The event had a sudden onset, at which point a number of examples were observed where the two-step type-I Doppler shifts reached 440 m/s, with a few 460 m/s examples observed in the lower altitude gates. During the same time period, 400 m/s Doppler shifts were observed as far up as 105 km altitude. After about 70 minutes, the magnitude of the two-step type-I Doppler shifts gradually went down to reach no more than 400 m/s in the vertical beam anywhere and no more than 420 m/s in the east and west beams anywhere. Finally there might have been a tendency for temporal changes (increases or decreases in type-I speeds) to be seen at the higher altitudes first.
[11] In Figure 1 we provide three different examples of spectra observed around a time when the wave power at 103 km was at its strongest. In the first example (Figure 1a) , we see two very strong two-step type-I spectra sandwiching what could be described as a very weak 'type-II' spectrum cutting across zero frequency. In the second example ( Figure 1b) only one of the type-I peaks is really strong even though the other type-I peak is still considerably stronger than the central type-II background. The third and final example (Figure 1c ) is one for which the central type-II is stronger than both type-Is but is sufficiently narrow for at least one of the type-I peaks to be very clearly identifiable in spite of its weak strength. There are more variations on this theme, but Figure 1 covers the most important cases of interest to the present paper.
[12] Typically, when observed, the Figure 1a cases were seen in the vertical beam near 103 km altitude, just about where the ambient vertical electric field is expected to be at its strongest. Cases resembling Figure 1b were often found within 2 km from 103 km in the vertical beam, with a stronger downshifted peak below 103 km and a stronger upshifted peak near 104 km. During strong echo conditions, Figure 1b was also typical of east and west beam returns near 104 km altitude, with a dominant downshifted peak in the west beam and a dominant upshifted peak in the east beam. Cases resembling Figure 1c were usually observed during weaker echo conditions and were also occasionally observed at the lowest altitudes where type-I waves could be found, that is, near 99 km altitude during strong echo conditions higher up.
[13] It should be noted that our spectral signatures in a particular beam position rarely changed abruptly from one integration time to the next. This contrasts with the 1-s resolution spectra of Kudeki et al. [1987] which showed a continuous and predictable evolution particularly at night. This difference reflects the fact that our integration time is so long that our spectra were obtained during the passage of a full KSI wave (or more) over the field of view while the [Kudeki et al., 1987] data was often able to resolve the spectral evolution inside single KSI waves.
[14] In Figure 2 we give some particularly clean examples of profiles of the spectral power as functions of frequency (velocity units) and height for each of our three beams. These spectra were obtained during a time interval over which the echoes were unusually strong (hence the basic absence of noisy features in many of the spectra). The figure illustrates the relative strength of the various peaks and their position in a compact way. The stack of plots shows the nature of the central problem addressed in the present paper, namely: (1) Doppler shifts well in excess of 400 m/s at lower altitudes and (2) a clearly identifiable decrease in the magnitude of the type-I Doppler shifts with increasing altitude from the altitude at which they first appear, superposed on type-II waves, to the final altitudes beyond which we are left with pure type-II signatures all over again.
[15] Since the focus of the present study is on the magnitude of the Doppler shift in two-step type-I spectra we not only had to separate spectral peaks but also had to decide more precisely what we meant by 'Doppler shift'. An important question for a quantitative study was: should we look at the peak value in the Doppler shift, or should we take the first moment of the frequency half of the spectrum where the peak of interest was located? For the relatively few cases resembling Figure 1a the question was academic because the strength of the type-I peaks was so large that what little skewness was present was not making much difference between the two numbers thus retrieved. In weaker cases, the skewness of the type-I peaks towards zero frequencies could mean that we would get two fairly different answers from the peak evaluation and the first moment evaluation. In the absence of a precise theoretical model to describe the spectral details, and also because we assumed that the largest amplitude waves were the only ones truly moving at the threshold speed, we chose to focus on the position of the spectral peaks.
Altitude Variation of Two-Step Type-I Waves
[16] We first studied the behavior of individual profiles of the Doppler shift in two-step type-I waves. The profiles turned out to be remarkably similar to one another in spite of the fact that we obtained them in a variety of directions and at different times. Figure 3 gives a good example, based on the spectra already displayed in Figure 2 and on spectra obtained on the two subsequent sampling periods. In that figure we compare the magnitude of the downshifted Doppler shift of type-I waves on the west beam at their peak power with the magnitude of the upshifted Doppler shift of type-I waves at their peak power on the east beam two minutes later. For each of the three time samples, the up-and down-shifted Doppler shifts overlapped well. Remarkably, the differences between the beams never exceeded 10 m/s, which is the basic uncertainty associated with our frequency resolution. This result was obtained in spite of the fact that the mean Doppler shift decreased by as much as 70 m/s from the lower heights to the upper ones.
[17] Similar results were obtained with the vertical beam, albeit with some clear differences also. These are illustrated in Figure 4 , which compares the upshifted and downshifted magnitudes of the vertical beam type-I waves at their peak power. The selected times were all sandwiched between the two times used in each of the three panels in Figure 3 . The power of two-step type-I waves (not shown) was always smaller for the vertical beam, particularly in the upshifted case. As a result the altitude range over which we could get clean spectra was more limited, so that we obtained fewer data points: the peaks themselves were not as easy to identify owing to the presence of multiple peaks associated with weaker power levels. These multiple peaks may not have been 'noise' per se, in that they seem to be well above the instrumental noise level (e.g., Figure 1c ). They nevertheless are part of the more weakly-driven cases. One clear difference between the vertical beam results and the east-west beam Doppler shift magnitudes is that the magnitude of the Doppler shift in the vertical beam changes very little below 102 km and might even be decreasing a little with decreasing altitude, by contrast with the east-west beam observations.
[18] We can conclude from Figures 3 and 4 and attendant observations that: (1) the Doppler shift of type-I waves decreases systematically with increasing altitude, and that the magnitude of the Doppler shift in the lower altitude gates can reach 420 m/s or greater, that is, can clearly be in excess of the conventional ion-acoustic speed; (2) the Doppler shift of the peak is not related to the peak power itself in any simply way; and (3) the magnitude of the Doppler shift is basically the same whether the feature is upshifted or downshifted, but with some systematic differ- SIA ences between the vertical beam and the east/west beam data below 102 km.
[19] In order to provide a sense for the number of spectra with strong two-step type-I spectra and also in order to show the range of velocities that were observed, we produced scatter plots of the two-step type-I Doppler shifts for a twohour time interval that encompassed the strongly driven two-step type-I echo period. To this goal, however, we had to change our approach slightly, since we could not look at every single spectrum and identify 'true' type-I peaks by inspection. Furthermore, knowing that the problematic weaker spectra had multiple peaks spread out over a wide velocity range and that both the noise and the skewness could create a decrease in the retrieved type-I speed we resorted to the following algorithm, at the risk of losing a number of samples from the statistical data set: first, since underlying broad type-II spectra necessarily introduced a skewness in the type-I peaks, we applied a nonrecursive high pass numerical filter to taper off the broad signature. The output retained the short scale fluctuations, which included first and foremost the type-I peaks.
[20] Next we selected the highest peak in the power spectrum on both sides of zero. Provided this peak had a Doppler speed greater than 320 m/s we chose it as the speed of a type-I echo. Still, we had to devise a simple algorithm to ensure that the peak was not produced by a simple noiselike bump well away from the desired feature. To ensure that the peak was not an artifact of some noise at low power levels, we therefore required that it be 10 m/s (the spectral resolution) or less, from the first moment of type-I echoes estimated from the filtered spectrum. If this was not the case, the spectrum was simply rejected from the type-I data subset. This procedure meant in the end that the statistical data subset was strongly biased to powerful echo situations, when noise and skewness were not allowed to play a significant role.
[21] The scatter plots that came out of our statistical selection are shown in Figures 5 and 6. They indicate that the examples of profiles shown in Figures 3 and 4 comprised some of the faster type-I waves observed during the period of interest. Figure 6 also reinforces the notion seen in Figure 4 that, contrary to the east and west beams, the vertical beam type-I Doppler shifts do not show much tendency to increase with decreasing altitude below 102 km; if anything, the scatter plots in fact show a tendency for a small decrease. Swartz [1997] also presented a statistical behavior of type-I echoes in his vertical beam when analyzing the behavior of 3-m two-step type-I waves in the equatorial electrojet. Aside from showing up at systematically higher altitudes (the Alcantara magnetic field is 30% lower than at Pohnpei), his data much resembled ours. In order to facilitate the comparison with Swartz's work, we have in fact provided our scatter plots with a curve connecting the altitude means of the various Doppler shifts. Note, nevertheless, that this average can be rather arbitrary and may be hiding some important physics. For instance, it can be a function of the chosen interval: we have found, for instance, that the mean speed of the two-step type-I waves is clearly a function of time (not shown). Also, some of the fluctuations in the SIA average are not necessarily related to an actual systematic increase in speeds. For instance, the increase in the mean at 104 km in Figures 5 and 6 is related to a disappearance, for some reason, of the lower speed data around that particular height.
Theoretical Implications
[22] The phase speeds displayed in Figures 3 to 6 are very fast and represent, by themselves, a challenge to our understanding of the electrojet electric field no matter what the origin of the fast speeds may be. Quite aside from this problem, however, the observations offer another major challenge, namely: the magnitude of the Doppler shifts is well above the conventional isothermal ion-acoustic speed. This is the focus of the present paper; the fast type-I speeds that we observe at low altitudes certainly appear to go against the notion that large amplitude waves move at the threshold speed or slower. While this notion was at first introduced at equatorial latitudes, it has become even more strongly established after high latitude studies later revealed that the phase velocity of Farley-Buneman waves along the E 0 Â B drift direction was much closer to the ion-acoustic speed than it was to the E 0 Â B drift itself [e.g., Moorcroft and Tsunoda, 1978; Moorcroft, 1980; Nielsen and Schlegel, 1983; Foster and Erickson, 2000] . Furthermore, from the same data studies, it also became apparent that while the phase velocities were saturated at the ion-acoustic speed inside an angular region defined as unstable by the linear instability theory, they were slower than the threshold speed outside that region. In that sense, the threshold speed became the upper limit for the instability speed. In fact, still at high latitudes, even so-called 'type-IV events' (appreciably faster than normal phase velocities) were judged to be close to the ion-acoustic speed once it became clear that they were associated with strong electron heating events [Providakes et al., 1988; St.-Maurice and Kissack, 2000] . The only alternative explanation (a gradient-based mechanism) also offered an explanation based on threshold conditions [St.-Maurice et al., 1994] .
[23] In the context of phase speeds not exceeding the instability threshold in the ionospheric E region, the results of Figures 3 to 6 are therefore quite puzzling: standard models would predict the (isothermal) ion-acoustic speed to be in the range 325 to 350 m/s, with a decreasing value with decreasing altitude. Given that below 120 km the ion, electron and neutral temperatures should all be equal, thanks to the very frequent collisions with neutrals, a 100 m/s difference between the observations and the expected ion-acoustic speed near 100 km would represent a totally unreasonable temperature increase above the model value. Specifically, since the ion-acoustic speed is given by
, a 100 m/s increase would imply a factor 1.7 increase in the neutral temperature, which would then have to be greater than 330 K at 100 km. Ion and/or electron temperatures that increasingly depart from the neutral temperature as we go to lower altitudes would be equally unreasonable.
[24] Another possibility for the faster than expected speeds has been proposed by Swartz [1997] , who suggested that the ion mass was getting larger with increasing altitude. This explanation raises more difficult questions. In particular, if the ion mass is normal lower down, then why is the ion-acoustic speed so much larger than the expected value lower down? In fact, this explanation would work best if the ion mass was actually substantially smaller than normal at 100 km to become normal again by 110 km. Once again, this kind of suggestion goes against everything we know about the ionosphere and it therefore does not look promising.
[25] A final point is that the large speeds and their tendency to increase with decreasing altitude is, somehow, a standard feature of the electrojet, given the similarity of the results from very different times and places. This reproducibility indicates that we should somehow look for an explanation that would not be associated with particularly unusual ionospheric or atmospheric situations. This makes the association with unusual temperature or ion mass profiles even less inviting.
[26] We are therefore led to search for a basic explanation for the large type-I speeds that involves threshold speeds that would simply be faster than the expected isothermal ion-acoustic speed. A first possibility would be to link the threshold speed to the km size gradients associated with the large scale irregularities that generate the two-step type-I waves. These gradients can change the phase speed up and down by up to 75 m/s for the situation at hand [St.-Maurice et al., 1994] . However, not only is this too small an effect, it also favors a decrease rather than an increase in threshold speed. To understand why this should be the case, consider a hypothetical situation for which the peak electric field associated with a KSI (km size irregularity) would be well above the ion-acoustic speed. In a KSI, the electric field and density fluctuations are in phase. When the electric field reaches its peak value there are no gradients and the threshold speed is the ion-acoustic speed itself. Suppose next that as the phase increases, the local KSI gradient is favorable to the growth of 3-m size irregularities. In that case the threshold speed goes down while the growth rate (and, presumably, the power) of the 3-m waves goes up. By contrast, however, for a phase that would precede the peak in the electric field, the gradients would become unfavorable to the growth of 3-m structures and the threshold speed would move up. In that case, however, the growth rates would also be going down, and the power presumably would follow suit. As a result one expects at best to see a broadening in the spectrum on each side of the ion-acoustic speed, if the electric field is well above the threshold value. However, a lowering of the mean phase speed below the ion-acoustic speed would be more likely because the spectrum should be more powerful when the gradients are favorable (and the threshold speed is lower) than when they are unfavorable (and the threshold speed is higher).
[27] An important corollary is that if the electric field were to be just a bit too small to excite waves going at the ion-acoustic speed, two-step type-I waves moving at speeds down to 75 m/s lower than the ion-acoustic speed could still be expected. This would happen through a lowering of threshold speeds on the side of the KSI for which the gradients are favorable for the growth of 3-m structures. All in all, therefore, gradients associated with KSI structures should not be responsible for the observation of threshold speeds that are faster than the ion-acoustic speed, quite the contrary in fact.
[28] The above discussion has led us to take a further look at a nonisothermal theory of Farley-Buneman (or modified two-stream) waves that was initially formulated for high latitude situations. As we show in the next section, this theory turns out to be more than capable of explaining our puzzling observations. The theoretical effect is the result of important adiabatic electron heating taking place when the ion collision frequency exceeds the product of the wave number with the isothermal ion-acoustic speed. We show that the effect becomes increasingly important below approximately 108 km altitude, to the point that the waves threshold speed becomes as large as 1.46 times the isothermal ion-acoustic speed at lower altitudes. Kissack [2000] stressed that the physics of the temperature fluctuations changes with the direction of the wave vector. Thus, at a flow angle at 45 degrees to the E 0 Â B direction one gets an 'electron Pedersen conductivity' instability effect that has been discussed at length by Dimant and Sudan [1997] , and reformulated by Robinson [1998] , who coined the term. Depending on the angle of the wave vector, the electron Pedersen conductivity feedback terms (which simply are temperature fluctuations associated with fluctuations in the electron frictional heating rate) can either increase or decrease the threshold phase velocity. However, for electric field strengths such that the temperature increases caused by friction are negligible (and/or for angles more closely aligned to the E 0 Â B direction) this electron Pedersen conductivity feedback mechanism is inoperative. In that instance, three other factors nevertheless contribute to the production of electron temperature fluctuations, namely: an adiabatic heating term, a heat flow term, and a cooling term associated with collisions with neutrals.
[30] The adiabatic term heats the electrons if they are compressed and cools them if the gas expands. This introduces correlations between temperature and density fluctuations (both kinds of fluctuations are driven in phase) and enhances the pressure fluctuation above the values expected from isothermal theory. Larger pressure fluctuations in turn enhance the effects of ordinary diffusion, which raises the threshold conditions. Three factors compete for a determination of the final amplitude of thermal corrections, namely: the adiabatic term itself, heat conduction, and collisional heat exchange with the neutral gas. The heat flow term tends to smooth out the fluctuations. It obviously gains in importance as the wavelength of the structures decreases. The collisional cooling term also works to reduce the temperature fluctuations, this time through an exponential relaxation in time; this time scale is associated with inelastic collisions with the neutrals.
[31] From the above discussion we must conclude that in the absence of electron Pedersen conductivity feedback terms, the electron temperature should always be positively correlated with the density fluctuations since the influence of conduction and cooling is only to reduce the magnitude of the fluctuations. The more important question is: how important are the fluctuations? Before answering that question we should also stress at this point that thermal diffusion also affects the solution. In the case of strongly magnetized electrons colliding with neutrals, the thermal diffusion term always enhances the effects of the temperature fluctuations. For a thorough discussion of this part of the physics see St.-Maurice and Kissack [2000] .
Quantitative Description
[32] For the purpose of finding exact values for the threshold phase speeds of irregularities in the absence of the electron Pedersen conductivity feedback terms, it seems most appropriate to use two of the final three equations listed in the St.-Maurice and Kissack [2000] appendix, since the resulting expressions are easy to compare with the more familiar isothermal expressions used by researchers over the years. Note that this is a fluid theory and that ion kinetic corrections could be brought up in a more refined theory. Kinetic effects should matter mostly at higher altitudes, where the ion mean free path becomes large. At any rate, the dispersion relation derived from a standard fluid theory approach (but with the addition of electron energy and heat flow equations) can be written in the form
In this equation w is the (complex) frequency, k is the wave number, V e0 is the electron drift, y = n e n i / e i , n j is the collision frequency of species j with the neutrals, j is the cyclotron of species j, g = 5/6 is the electron thermal diffusion coefficient, T j0 is the background temperature of species j, m i is the ion mass, and t e1 /n e1 is the electron temperature to electron density fluctuation ratio. One recognizes in (1) the more familiar isothermal expression, except for the presence of the t e1 /n e1 term. The presence of this latter term means that when temperature and density fluctuations are correlated, the effect is such as to increase the value of what some would define as a new ion-acoustic speed. To find out the magnitude of said effect we must refer next to the final equation in the St.-Maurice and Kissack [2000] appendix, which produces an expression for the growth rate, À, of the waves after having solved for t e1 /n e1 . The final result is
where x is a complicated mathematical expression of little interest for the purpose at hand, D e is the electron diffusion coefficient, and " h is a cooling rate coefficient modified by SIA thermal diffusion effects. Once again the generalized expression easily identifies the new contributions from the electron temperature fluctuation terms, namely: we would recover the classical isothermal growth rate expressions of the modified two-stream instability if we were to set x = 0 and drop the last term on the right-hand-side of the equation.
[33] We can recognize in the last term in (2) the competition between adiabatic heating and the damping effects of cooling and heat conduction. For this we should (1) look at the g = 0 case (dropping the amplification factor due to thermal diffusion), (2) take the limit h ! 0 (neglecting collisional cooling) and (3) drop the k 2 D e term (which comes from classical heat conduction). We then recover the familiar 2/3 adiabatic factor, which comes from in-phase adiabatic temperature and density fluctuations. This provides a mathematical basis for our earlier statement that the heating effect is indeed caused by adiabatic heating, amplified by thermal diffusion, and diminished by cooling and heat conduction effects.
[34] With a focus on identifying threshold conditions, we are led to study under what conditions À = 0. Clearly, in the absence of the last term in (2) we would recover a phase speed equal to the normal isothermal ion-acoustic speed. The presence of the last term raises the threshold speed. In a sense, and maybe not entirely correctly, the new threshold speed can be thought of as a ''nonisothermal ion-acoustic speed.'' We, in fact, have used that term in the title of our paper. In general however, it is better to refer to the new speed as the nonisothermal threshold speed.
[35] Equation (2) clearly depends on the magnitude of w r À k Á V e0 . This term can easily be substituted because in the absence of substantial ion motions (all beams are looking at a direction close to the vertical and altitudes of interest well below 120 km), and for small growth rate conditions, the real part of the dispersion relation (1) gives the well-known solution
[36] At this point, we face a dilemma: if the electron drift exceeds the threshold requirement, one cannot have (3) satisfied while simultaneously requiring that the growth rate given by (2) be zero. Yet, as we discussed earlier, the empirical evidence strongly suggests the presence of threshold speeds. One has to conclude that nonlinear effects conspire to lower the frequency from the value given by (3). There are two ways to achieve this and at the same time keep the physics in line with the fundamental theoretical idea. One way is to have an increase in the value of y as the wave amplitude grows. The other is to change the drift from the ambient value of V e0 to some smaller value inside welldeveloped irregularities (i.e., large amplitude 'waves').
[37] There are two different ways to increase y. One is to have a wave generate its own microturbulence. This leads to anomalous diffusion and increases y [Sudan, 1983; Robinson, 1986 ]. There are some conceptual difficulties with this mechanism, however, because diffusion tends to be enhanced in a direction perpendicular to the generating field for the problem at hand [e.g., St.- Maurice, 1990] . A second way to increase y is to let the aspect angle grow with time since, at nonzero aspect angles, y has to be multiplied by the factor (1 + sin 2 a e 2 /n e 2 ), where a is the aspect angle. Contrary to a widely held view, the aspect angle is not a free parameter of the problem. For instance, at high latitudes, the time evolution of the aspect angle of structures 10 m in size and greater plays a dominant role in the evolution of the irregularities [Drexler et al., 2002] . This is caused by the alignment of the neutral density gradients with the magnetic field direction. At smaller wavelengths at high latitudes, a strong evolution in the aspect angle should also take place in the late stages of evolution of what should have started as field-aligned structures. In this case, as the amplitude evolves, different heights start to evolve differently and large aspect angles form. Again, the evolution can be traced to the alignment of the neutral density gradients with the magnetic field direction.
[38] In the equatorial regions, we can argue that fieldaligned irregularities should stay field-aligned down to the very end of their evolution. This can be argued on the basis that we do not have the alignment of neutral atmospheric gradients with the magnetic field direction. There is therefore no need for large aspect angles to evolve and for y to increase in response to aspect angles. Indeed, a strong field alignment of the E region irregularities has been observed in the equatorial regions [Kudeki and Farley, 1989] .
[39] If we also reject the notion of anomalous diffusion at the small structure level, this leaves us with one last mechanism to reduce w r , namely, a decrease in the magnitude of the electric field inside large amplitude structures. This means changing V e0 by some value V etot having a smaller norm. This mechanism has been explored recently for purely field-aligned structures: using a spatio-temporal description instead of Fourier analysis St.-Maurice and Hamza [2001] were able to conclude that the reduction in the drift had to be accompanied by a rotation. This agrees with a two-dimensional numerical simulations by Otani and Oppenheim [1998] who furthermore demonstrated that the rotation and reduction in the electric field could be described in terms of a mode-coupling argument. This being the case, we conclude that a formula derived by Hamza and St.-Maurice [1993] based on two-dimensional mode-coupling should apply to equatorial regions. This formula predicts that if the width of a spectral signature is less than its mean Doppler shift in a Farley-Buneman or gradient-drift situation, the mean Doppler shift should be very close to the threshold speed. There is therefore a very good case for having threshold speeds in linearly unstable modes for the 2-D situation.
[40] In the end, it does not matter if a change in w r is due to an increase in y or to a change in V e from V e0 to V etot . In both cases, we obtain (w r À k Á V e ) = À yw r using the resulting nonlinear modification to (3). This allows us to easily solve (2) for À = 0. Using a normal value for y based on zero aspect angle (that is, assuming that mode-coupling does not affect the transport properties at the level of the small size structures and that there is no need at the equator to evolve large aspect angles) we have computed how the threshold speed should change as a function of altitude. Figure 7 shows how the resulting threshold phase speeds calculated from (2) and (3) vary with altitude for 3-m and 10-m waves (for comparison purposes, a third curve shows how the isothermal ion-acoustic speed would have changed under the same neutral atmospheric conditions). Recall that 3-m waves are observed by the Pohnpei radar while 10-m waves are sometimes studied by lower frequency HF radars. In our calculation we have used a standard neutral atmospheric model provided by MSIS [Hedin et al., 1991] . Our values for the parameters of interest for the calculations are listed in Table 1 . We used 0.35 Gauss for the magnetic field, which is appropriate for Pohnpei's location.
[41] Clearly, Figure 7 indicates that at zero aspect angle (which is an important component of the theory), the 3-m threshold speeds should be expected to be roughly 125 m/s above the isothermal ion-acoustic speed near 100 km. They should, by contrast, be much closer to the isothermal value by the time we reach 110 km altitude. Interestingly enough, the 10-m waves have threshold speeds somewhat closer to the isothermal value by comparison to 3-m waves. In any event, we are led to expect from Figure 7 that the electron adiabatic heating has to affect all radar observations of small aspect angle echoes E region irregularities taken below 108 km altitude, no matter what the altitude or the radar frequency might be. Note, however, that the small aspect angles restriction might imply that the higher threshold speeds might not be present at high latitudes. In the latter case larger aspect angles often seem to be present, in which case parallel heat conduction tends to wipe out the influence of adiabatic heating.
Controlling Parameters
[42] While Figure 7 gives us the basic numerical answer, it still does not provide a description of just what parameter is responsible for the behavior calculated, nor does it give the exact asymptotic value the threshold speed is going to be at low altitudes. More in-depth understanding can be gained from a study of the algebraic expression involved. Noting that we have, from (3), (w r À k Á V e ) = À yw r , substituting in (2) after setting the growth rate to zero, and using T e0 /m i = 0.5 c s 2 for equal ion and electron temperatures, with c s ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi
being the isothermal ion-acoustic speed, we get
where a = 121/108 = 1.12 and b 1 = 20/9 for g = 5/6 and we have used 2 " h/3 = an e = 0.002n e .
[43] Using the relation k
or, equivalently,
where, in the last two equations,
For 3 m waves and a.35 gauss magnetic field we find b to be of order 4. For 10 m waves, b is roughly 38, meaning that the term bkc s /n i is roughly 2.5 times as large for 10 m waves than it is for 3 m waves at any given altitude. With the results written this way, the strongest part of the altitude Figure 7 . Threshold speed calculated for (a) 3-m and (b) 10-m ion-acoustic waves (full lines, bottom scale) and minimum electron speed required to excite the waves (dotted lines, top scale). Also shown is the isothermal ionacoustic speed (dashed lines, bottom scale). dependence is expressed in terms of the ratio kc s /n i . Specifically, the behavior of the ratio w r /kc s as a function of altitude depends not so much on y as such, but rather, on the parameter k 2 c s 2 /n i 2 . The altitude dependence of this parameter is of course similar to that of 1/y. However, we find that, to zeroth order, the altitude dependence does not involve the magnetic field value, unlike parameters that depend directly on y. Furthermore, the variation is totally insensitive to the electron collision frequency in the sense that doubling the electron collision frequency while not changing anything else makes no difference for the results.
[44] We can now see how k 2 c s 2 /n i 2 affects the behavior seen in Figure 7 . When the parameter is much larger than b 2 (small enough collision frequencies or high enough altitudes) then w r ! kc s , as seen by (5). However, when the opposite is true (large enough collision frequencies or low enough altitudes) then w r ! 1.46kc s , as seen by (6). Also, when k is lowered, the threshold speed at a given altitude goes down and gets closer to the isothermal ion-acoustic speed value, just as is seen in Figure 7 . Finally, the factor 1.46 tells us that the threshold speed can be almost 50% greater than the isothermal ion-acoustic speed. In the lower altitudes displayed in Figure 7 , this amounts to a value of 477 m/s for the neutral temperature model at hand. The threshold speed should therefore be expected to be of the order of 475 m/s at the lower E region altitudes in the equatorial regions.
Minimum Local Electron Drift Requirements
[45] For observations made with the vertical beam, the excitation of two-step type-I waves is directly related to the magnitude of the east-west perturbed electric field. In what follows we assume that, for the strongly-driven cases that create large phase velocities, the perturbed electric field has to become comparable to the driving vertical electric field itself. This means that if we imply the presence of a certain minimum vertical electron drift speed, we imply the same value for the ambient (or east-west) component of the electron drift produced by the vertical field.
[46] For the same strongly-driven case but for east/west beam observations instead of vertical ones, the same assumption of equal horizontal and vertical fields means that the positive/negative Doppler shifts are produced by a total E Â B drift vector that points approximately 31°( = 45°À 14°) to the east/west of the beam direction. When inferring minimum values for the vertical (or horizontal) electric field from saturated east or west beam Doppler shift observations we therefore obtain a lower value than if we had used a similar Doppler shift from the vertical beam. The east or west beams are cos(45°)/cos(31°) = 0.82 smaller than similar inferences made from vertical beam observations.
[47] Figure 7 shows that the local electron drift required to excite type-I waves moving at the nonisothermal ionacoustic speed is quite large lower down. This increase is due to the factor y in (3). Another way to put it is that, while the minimum phase speed, w r thresh /k, increases relatively slowly with decreasing altitude (approximately 100 m/s change), the minimum electron drift speed, V e min , needed to excite the two-step type-I waves increases much more quickly with decreasing altitude because the factor y depends on the neutral density squared.
[48] It should be emphasized that the value that we infer for V e min is truly a minimum requirement for the ambient electron E 0 Â B drift. That is to say, if we were to observe a phase speed of 450 m/s in the vertical beam at 100 km altitude, the electron drift would have to be at least equal to 450 Â (1 + y (100)) or approximately 625 m/s (515 m/s if the observations had come from our east or west beam instead of the vertical beam). The fact that, if we saw it, we would interpret 450 m/s as a threshold speed only means that the ambient E 0 Â B drift could actually be larger than inferred directly from (3). The real question therefore is whether or not 450 m/s is observed at 100 km and whether or not this value, if observed, is affected by winds (more on this below). If the data is reliable and is found not to be affected by things like winds, then the conclusion has to be that the minimum east-west electron drift has to be 625 m/s (515 m/s for east or west beam observations), irrespective of our theoretical interpretation of what a 450 m/s phase speed at 100 km might mean.
[49] One more point is that our electron drift speed inference is based on a zero aspect angle condition and on the use of classical transport coefficients in the description of the 3-m waves. If the aspect angle were to deviate from zero by just a fraction of a degree or if anomalous transport was to increase the value of y in 3-m waves (not obvious, but possible), the value of the inferred electron drift would quickly go up at the lower altitudes.
The Aspect Angle Question
[50] We recall that in order for the adiabatic electron heating theory of Farley-Buneman waves to apply, the aspect angle of the irregularities has to be smaller than 0.25°. At larger aspect angles, parallel conduction of heat and other effects quickly modify the results [Kissack et al., 1997] . By itself, heat conduction would wipe out the temperature fluctuations and the isothermal ion-acoustic speed would be expected to prevail (a comprehensive calculation at nonzero aspect angle that includes all transport terms is currently under investigation).
[51] The obvious question is then: is there any evidence for very small aspect angles at low latitudes? This is a very difficult question to address even with modern interferometry techniques. Nevertheless, Kudeki and Farley [1989] have published the results of a study where they showed that the aspect angle of equatorial irregularities was always less than 0.4°. The authors also concluded that type-I waves had a smaller aspect angle than type-II waves, with type-I values apparently always less than 0.25°. While the aspect angle had their largest values at the lowest altitudes, they nevertheless stayed below 0.25°everywhere for type-I waves. Given these results, it is certainly tempting to infer that the unexpected appearance of nonisothermal threshold speeds in type-I echoes at low latitudes goes hand-in-hand with the observation that the aspect angles of type-I waves are smaller than 0.25°in the equatorial electrojet.
Comparison With Observations and Theoretical Implications
[52] It is easy to see that the theoretical threshold curve that we have obtained (Figure 7 ) matches well with the largest values observed in the east or west beams at any given altitude (scatter plots in Figure 5 ). This indicates that the adiabatic electron heating theory does provide the basic explanation we sought for the presence of fast type-I speeds. That is to say, all the observations are now either smaller than, or equal to, the ion-acoustic threshold speed produced by the generalized fluid theory.
[53] Several questions nevertheless arise from our basic explanation for the fast type-I speeds. In particular we could consider the following: why are the observations usually less than, and only rarely, equal to the predicted threshold speed? Why are the vertical beam data agreeing with the west and east beam data above 103 km, while being systematically smaller (and rarer) below that altitude? What is the origin of the scatter in the data points? What creates systematic temporal variations in the type-I speed profiles? And finally, what do the observations, including the temporal variability of the altitude profiles, imply about the electrojet current density profile? A comprehensive study of these questions and their possible answers is the topic of a companion paper under preparation. We therefore only provide a cursory look here, strictly keeping the focus on our threshold speed mechanism rather than on the implications of the observations for the electrojet and KSI behaviors.
The Influence of KSI Induced Gradients
[54] The most striking feature of the comparison between the phase speed observations and the generalized ion-acoustic speed theory is that the theory provides an upper limit for the observations. However, going back to the discussion provided in section 2.4, this should not be so surprising, since the two-step type-I waves have to be generated by KSI's. The KSI oscillate in time and space, which means that the electric field and the gradients go up and down with time at any given location. The gradients are out of phase with the electric field. When the electric field is a maximum, pure modified-two-stream waves are excited.
[55] However, gradients can either increase or decrease the threshold speed, depending on what particular phase is contributing. In the plausible event that the total electric field is insufficient to excite pure modified two-stream waves, gradients aligned parallel to the electric field must then be used to decrease the threshold speed. As we indicated, the calculations in St. -Maurice et al. [1994] show that the threshold at 110 km could be as much as 75 m/s below the ion-acoustic speed before the excitation of twostep type-I waves becomes no longer possible. A study of the threshold equation reveals that, in the fluid regime, this change in threshold speed is also independent of altitude. In this context, it is interesting to note that the great majority of the data points satisfies the condition of phase speeds located somewhere between our computation of the pure two-stream threshold speed and a speed which is 75 m/s slower.
Allowing for the Presence of Undersaturated Waves
[56] We know from high latitude studies that large amplitude waves with substantial Doppler shifts are not limited to the flow angle directions for which the plasma is linearly unstable. While the phase speed normally saturates near the ion-acoustic speed inside the linearly unstable angular region, it decreases progressively as a function of increasing flow angle. In that region, it takes a value that is comparable to the line-of-sight velocity component of the electrons [e.g., Nielsen and Schlegel, 1983] . There should be no reason, in principle, for twostep type-I waves to behave any differently. Unfortunately for this case, the threshold speed itself has to change with conditions: when the total electric field is too weak to excite ion-acoustic waves, waves with lower threshold speeds can still be excited through the gradients of the KSI. It therefore becomes difficult to distinguish waves that are saturated at speeds less than the two-stream threshold speed from waves that are generated, through cascading or mode-coupling, outside the linear instability 'cone'. In principle, only a detailed comparison between the vertical beam data and the east and west beams can be used for the purpose of distinguishing between the two possibilities.
Neutral Wind Effects
[57] When the phase velocities are saturated, the difference between the Doppler shifts registered in various beams can be used to extract information about the neutral wind [e.g., Balsley et al., 1976; Kudeki et al., 1987] . Neutral winds in the range 50 to 100 m/s are now being argued to be a frequent staple of the neutral atmosphere near 100 km altitude [e.g., Larsen et al., 1998, and references therein] . The effect of a westward 100 m/s zonal wind on saturated downshifted waves in the westward beam would be to increase the magnitude of the phase speed above its true threshold speed by an approximate factor 100 sin 14.3°= 25 m/s. For a neutral wind of the same magnitude and direction, the same positive enhancement would likewise be registered in the upshifted waves when looking at them through the east beams. For both beams, therefore, the Doppler shift would be enhanced/depleted by the same amount, in the presence of a uniform westward/eastward neutral wind. A vertical neutral wind would, by contrast, introduce an asymmetry between the east and west beam data. There is no evidence for such an asymmetry in Figures 3 or 5, so that vertical winds can safely be ruled out.
[58] A horizontal wind, furthermore, can have no effect on the vertical beam observations. A comparison between the vertical beam data and the east and west beam data should therefore be able to reveal the magnitude of the horizontal neutral wind in the eastward or westward directions. Unfortunately, for the comparison to work one must first ensure that the Doppler shift in the vertical beam is saturated and is therefore equal to the east and west beam Doppler shifts before neutral winds are taken into account. As we described in the previous subsection, this cannot always be the case. There are additional complications, such as upshifted and downshifted vertical data having systematic differences; this would seem to be related to an asymmetry in the electrojet data. Needless to say, all of this makes reaching a definitive conclusion on the neutral winds very difficult. The best one can say at this stage, before undertaking a much more detailed study of the data, is that the data is not inconsistent with a wind gradually building up with decreasing altitude so as to become a westward 80 to 100 m/s wind by 100 km altitude. Alternatively, the data is also consistent with little, if any, neutral wind if the vertical drifts are actually undersaturated whenever their value reaches less than 410 m/s.
Comment on Earlier HF Observations
[59] The present theory offers a reasonably simple explanation for the phase velocities observed by St.-Maurice et al. [1986] . In that paper it was observed that, when the magnetic perturbations produced by the electrojet were becoming very strong, the phase velocity of 10-m type-I waves reached values as large as 450 m/s. A model of the electrojet was also used to derive the electron drift near the current peak. For the strongest events a drift of the order of 800 m/s was inferred near 101 km altitude. This is actually larger than the numbers that we have been discussing, although it is fair to say that we have not attempted here to infer the rather daunting consequences, in terms of the east-west polarization field, of having wave speeds as large as 380 m/s by 106 km altitude (this study is, once again, made rather complicated by the various constraints imposed by the observations, and we therefore leave it for our companion paper).
[60] Our main point here is that the attempt by St.-Maurice et al. [1986] to explain the observations in terms of electron heating of the type which is observed at high latitudes when the electric field is strong seemed to be too much of a stretch: the authors either had to use a cooling rate four times smaller than normally assumed if the heating of the plasma was done by wave fields parallel to the geomagnetic field, or they needed to combine parallel and perpendicular heating by boosting the latter. This 'boosting' was done by having an anomalous collision frequency multiply the perpendicular wave fields. We now know that this should not be done [St.-Maurice, 1990 ]: we should either use the perpendicular wave fields or the anomalous collision frequency but not both, which means that the best one can expect is a doubling of the classical heating rate from perpendicular wave fields. This means in the end that the wave heating explanation comes quite short of explaining the 450 m/s phase speed data unless the aspect angle is more than one degree off perpendicularity. The wave heating idea therefore now seems unlikely in view of observations indicating aspect angles less than 0.5°in the equatorial regions [Kudeki and Farley, 1989] , and in view of the Pohnpei data showing faster speeds at lower altitudes, and given the physically simpler nonisothermal theory discussed here.
Conclusion
[61] We have demonstrated that the threshold speed of the modified two-stream instability can be up to 1.46 times the standard (isothermal) ion-acoustic speed in the lower equatorial electrojet. We have stressed that this result depends on having very small aspect angles (less than 0.25°) and that the departures from the standard ionacoustic speed value vary from 20 m/s at 108 km to over 120 m/s at 100 km altitude. The nonisothermal theory explains why two-step type-I waves are seen moving markedly faster than the traditional ion-acoustic speed in the lower equatorial electrojet.
[62] The observations also clearly show that we must consider the two-stream threshold speed to be the upper limit for the speed of the observed two-step type-I waves. We have attributed this feature to the fact that two-step type-I waves are actually produced in the presence of gradients and that they really retain a gradient-drift character in spite of their 3-m wavelength. Consequently, twostep type-I waves are excited by relative ion-electron drifts that can be as much as 75 m/s slower than the threshold speed requirement for pure modified two-stream waves. The speed at which the waves are observed is accordingly reduced.
[63] As far as future work is concerned, we have seen that a detailed study of the phase speeds should be useful for a determination of the neutral wind and for a study of the equatorial electrojet altitude profile. However, such a study is complicated by a number of factors. In particular, vertical beam data could be undersaturated while the data from the other beams could be saturated. Asymmetries in the electrojet can also introduce differences between upshifted and downshifted waves in the vertical beam [Kudeki et al., 1987] . On the theoretical front there is a need to generalize the fluid theory so as to include nonzero aspect angle corrections and a systematic description of effects due to gradients. Kinetic ion corrections should also be considered more systematically, particularly higher up in the electrojet.
[64] Our study provides strong support for the notion that modified two-stream plasma waves in the E region do move at the threshold speed expected from a linear theory analysis. In particular, it provides a simple explanation for an observed connection between the intensity of the equatorial electrojet and type-I speeds in excess of 400 m/s: the faster type-I speeds simply come from lower altitudes where their generation requires increasingly strong electron drifts. The fastest type-I speeds reported here are consistent with ambient electron east-west drift speeds in the 600 to 625 m/s range at the same height. One caveat is that the rather large type-I speeds registered higher up do not appear to be consistent with those that are seen lower down, if we assume a simple model of the east-west (polarization) electric field. These and other implications from our observations are being studied in a companion paper that will be based on our new understanding of the two-step type-I waves.
